
AD-A250 300111ff I itltl 11111 1ff 11fU;I;Ifw!f
MTL TR 92-18 [AD

PREDICTION OF COMPOSITE MATERIAL
PROPERTIES USING TWO-DIMENSIONAL FINITE
ELEMENT MICROMECHANICAL ANALYSIS

PANAGIOTIS BLANAS
COMPOSITES DEVELOPMENT BRANCH

April 1992

SDTIC

Approved for public release; distribution unlimited. ECTI

Am"-

U-)

ARMY
)ORATORY COMMAND U.S. ARMY MATERIALS TECHNOLOGY LABORATORY
t"sIS trCHNMOGV LAaWAtRMY Watertown. Mosuachusetts 02172.0001



The findings in this report are not to be costrued as an official
Department of the Army position, unless so designated by other
authorized documents.

Mention of any trade names or manufacturers in this report
shall not be construed as advertising nor as an official
indorsement or approval of such products or companies by
the United States Government

DISPOSITION INSTRUCTIONS

Destroy this report when it is no lonpr needed.
Do not return it to the oiginator.



7 ----- -Y9~

REPORT DOCUMENTATION PAGE UFO" DE , Eg
1. REPORT NUM 2. GOVT ACCESSION NO. . RECIPIENTS CATALOG NUMBER

MTL TR 92-18
4. Trn.E (m..d4& ,) 5. TYPE OF REPORT & PERIOD COVERD

PREDICTION OF COMPOSITE MATERIAL PROPERTIES Final Report
USING TWO-DIMENSIONAL FINITE ELEMENT
MICROMECHANICAL ANALYSIS & PERFORING ORG. RE1ORT NUMBER

7. AUTHOR(s) S. CONTRACT OR GRANT NUMSLWs)

Panagiotis Blanas

9. PERFORMI OR0ANWAMJ NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK

U.S. Army Materials Technolog Laboratory /A WORK UIT NUMBER

Watertown, Massachusetts 02172-0001 DA Project: AH84
SLCMT-MEC

11. CONTROLLING OFFC NAME AND ADDRESS 12 REPORT DATE

U.S. Army Laboratory Command April 1992
2800 Powder Mill Road I& UMBER OF PAGES

elp4hi, Ma!land 20783-1145 23
14: MONITORING AGENCY NAME & ADDRESS (if4# P~n Ca~fxiqOfimuC&) 15. SECURTY CUSS. (of &W mpmr)

Unclassified

151L OEc.ASSFICATIOW G
SCHEDULE

1 . DISTRIBUTION STATEVNT (of ,p ,o,)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (q f•,wa&~,.a A'*&m 2O#,, rwSPw, , Rq pm)

1L SUPPLEMENTARY NOTES

1. MEY WORDS (Casow on feuw",d Anm .y.,sdnadeufb~ by. n6 umb.')

Composites Micromechanics
Mechanical properties Finite element analysis
Elastic properties

20. A•ST•CT Cmuw .. ,..wwe a&€ ,dd••,by bkn*nmubw)

(SEE REVERSE SIDE)

FORM EDITION OF I NOV65 1S OBSOLETE

SJAN 73 UNCI ASSIFIMED

SECURITY CLASSIFICATION OF THIS PAGE (147.. Dsvn &nid)



UNCLASSHUED
SECURflY CLASMIFICATION OF THIS PAGE (Mum Dam EDAhm

ABSTRACT

Two-dimensional finite element analysis is employed to predict the mechanical proper-
ties of unidirectional composite materials with isotropic constituents. The composite is
treated as a transversely isotropic but homogeneous continuum, and linear elastic behav-
ior is assumed for the analysis. Axisymmetric and plane strain finite element formula-
tions along with the constitutive relations for transversely isotropic materials are used to
obtain the apparent properties of the composite. The results are compared with results
from micromechanics equations and experimental data.

UNCLASSITFED

SECURITY CLASSIFICATION OF THIS PAGE (When Dab En'Vw:



page

INTRODUCTION ................................................ 1

FORMULATION OF THE BOUNDARY VALUE PROBLEM .................... 1

Boundary Conditions and Loading .................................. 5

Assumptions of Analysis ........................................ 6

Constitutive Equations ......................................... 7

FINITE ELEMENT TVMPLEMENTATION ................................ 8

Axisymmetric Model . ......................................... 8

Plane Strain Model ........................................... 9

RESULTS OF THE ANALYSIS ....................................... 12

Axisymmetric Case . .......................................... 15

Plane Strain Case ............................................ 15

CONCLUSIONS ................................................. 16

DTIC TAB 0
Unannounced
Justification

Distribu'toq
Availabiity Codes

Uiai and/or

Dist Sp.1n3.



INTRODUCTION

The evaluation of the mechaiiicil properties of fiber-reinforced composite material h:,s
traditionally been a subject of sigrdi"'.ant practical importance. Many analytical and numeri-
cal studies have beca performed on tht predictioni of composite mechanical properties.1

In particular, approximate closed form expressions for composite elastic constants were
given by Whitney and Riley2 based upon a strain energy balance approach and classical
eiasticity theory, while bounds and expressions for the effective elastic moduli were given
by Hashin and Rosen 3 based upon a variational method. Furthermore, a set of simplified
micromechanics equations (SME) to predict the hydro, thermal, and mechanical properties
of composites ha,'e been developed by Chamis4 based upon a mechanics of materials ap-
proach. Nume:iical approaches include finite diffcirence methods by Tsai, et al. 5 and
Adams and Doner 6 which were used to predict composite elastic moduli values. Finite ele-
ment analys;s methods have also been utilized to describe the micromechanical behavior of
composites. Adams and Crane 7 employed a generalized plane strain finite element formula-
tion in conjunction with a laminated plate point stress analysis to predict the stress-strain
response of composite laminates. Zhang and Evans8 used an axisymmetric finite element
approach and an energy equivalence principle to determine the mechanical properties of a
composite with anisotropic constituents. In the present study, two-dimensional finite ele-
ment analysis (FEA) methods are used to predict the mechanical properties of linear elas-
tic composites with isotropic constituents. The assumptions and restrictions that have to
be imposed under this type of analysis are presented and discussed. Numerical results are
also presented and compared to those obtained from the SME by Chamis4 and experimen-
tal results given by Adams.9

FORMULATION OF THE BOUNDARY VALUE PROBLEM

The composite system considered in the analysis is shown in Figure 1. It is assumed
that the system can be represented by an infinite and p,..iodic square array of unidirection-
ally oriented fibers with a relatively long axial dimension and of equal radius, r. The
assumption of periodicity allows for the isolation of a repeating volume element cell out-
lined in Figure 1 and shown in Figure 2a for analysis. There are no displacements al-
lowed across the boundaries of the repeating cell and displacements are testricted to those
that cause the boundaries to displace parallel to the original boundaries. Also, due to
symmetry about the y and z axes only one quadrant of the repeating cell, the unit cell in

1. CHAMIS, C. C, and SENDECKYJ, G. P. Critique aTheories Predicting Thmodas Prohpaia of Fibrous Composim. J. of Composite
Materials, v. 2, 1968, p. 332.358.

2. WUITNEY, J. M., and RILEY. M. B. Elatic Properies of Fiber Reinforced Composite Matertzi. AIAA Journal, v. 4, 1966, p. 1537-1542.
3. HASHIN, Z., and ROSEN, B. W. The Eaica Modui of Fibe'-Rdenft-ced Compodite Mamaiat. J. of Applied Mechanics, v. 31, 1964, p. 223-232.
4. CHAMIS, C. C. Sbnvlfled Co"mpsiie Mkiameclans Equado for Hira4 Thnw4 and Mechanical rparida. NASA Report TM-83320,

National Aeronautics and Space Administration, Washington, DC, 1983.
5. TSAI, S. W., ADAMS, D. F., and DONER, D. R. Effect of Consiuuam MawraW Popemides on dw Strant of Fiber-Reinforced Composnite Ma-

teials. AFML-TR-66-190, U.S. Air Form Materihls Laboratory Technical Report, 1966.
6. ADAMS, D. F., and DONER, D. R. Trasuvers NomWa Load4 of a UnidirectionalCon .mpo. J. of Composite Materials, v. 1, 1967,

p. 152-164.
7. ADAMS, D. F., aud CRANE, D. A Finite Element Mictmcwhanicad Anaytysi of a Unidirectional Composite Including Longitudinal Shear

Loading. Computers and Structures v. 18, 1984, p. 1153-1165.
8. ZHANG, W. C., and EVANS, K. F Numerical Prediction of di Mechankal Propsi, of Aniotropuc CWm x Materias. Computers and

Structures, v. 29, 1988, p. 413422.
9. ADAMS, D. F. Tea Methodr for Composs Materiabr. Scminar Notes, U. S. Army Materials Technology Laboratory, 1988.
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Figure 2b, need be considered in the analysis to describe the behavior of the repeating
cell and, thus, completely characterize the state of stress and strain of the entire contin-
uum. Two-dimensional finite element analysis is the method employed in this study to
numerically solve the problem under consideration. Two separate finite element mod-
els, each employing two-dimensional plane elements, are created and used in the analy-
sis. Under axial loading conditions axial symmetry is assumed for the composite and an
axisymmetric problem is formulated in the i-z plane. When transverse loading of the com-
posite is considered, plane strain conditions 2re assumed, and a plane strain model in the
2-3 plane is employed in the analysis. Tlpicl axisymmetric and plane strain finite element
models are shown in Figures 3a and 3b, resp,-ctively.

OZIW

I I

Figure 1. Square packing array unidirectional composite.
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Boundary Condftions and Loading

The appropriate boundary conditions along the external boundaries of the cell, as shown
in Figures 3a and 3b respectively for each problem, can be expressed as follows:

Axisymmetric:

at Z=0, re[[O.]; U,=0 (1)

at r=O, zE[O,l]; U=0 (2)

at z=1. rE[O.11 u,, =d, (3)

at r1, zr=[o.1] , u '-d, (4)

Plane strain:

at z=o. ye[0,l]; uO (5)

at y=o. •E [o0,]; U=o (6)

dy

at Cz.l yE[O.l] U,,=-D 3  (8)

at y=l. zm[O.l u, = D, (9)

Plane strain condition, 1 = 0 (10)

where u, u,2, and u3 are the displaccument components in the 1, 2, and 3 directions, as de-
fined in Figure 2, d, and D2 are the inagritudes of the prescribed displacements and d2 and
D3 are the magnitudes of the unknown displacements. Furthermore, continuity of tractions
and displacements is assumed across the fiber matrix interface.

It is assumed that the composite is subjected to uniform normal loads applied at a dis-
tance from the volume element employed in the analysis; e.g., the remote stress field U2
shown in Figure 1. When such loads are considered, a complex nonuniform state of stress is
induced at the boundary of the unit cell due to dissimilar material properties of the fiber and
matrix phases. However, because of symmetry, the boundaries of the unit cell must displace
uniformly under unifoim normal loads away from the cell boundaries. Therefore, specified uni-
form boundary displscements in the appropriate direction can be used to simulate the loading
conditions for the problem. Suct, an approach applies the correct boundary conditions, makes
the application of loads easier, and accounts for the nonuniform stress state at the boundary.
For the present analysis both models are loaded using uniform prescribed boundary displace-
ments, as shown in Figures 3a and 3b.



-. :o. _.. .... ..... ry .L.r n..,t,

-The- ratZUiou btemem Me tractiouicomponentw Tj i atb-d externai-O
cell where prescriced displacements are applied and the farfield average stress com)onents 31
can be obtained from equilibrium considerations in the appropriate direction and can be ex-
press as:

where S is the cross-sectional area of the external boundary.

Aaanq~onsof Analysis

In the present analysis an S2-glass/epoxy system is considered. The, elastic constant values
for each distinct phase of the composite are listed in Table 0.9 Some of the modeling and
analysis assumptions are as follows:

"* Isotropic matrix and fiber

"* Composite is transversely isotropic

"* Linear elastic behavior

"* Continuous reinforcement with perfectly circular fibers of equal radius

* No voids in either the fiber or the matrix

* Perfect fiber/matrix interface

Table 1. TYPICAL S2-GLASS FIBER AND EPOXY
MATRIX PROPERTY VALUES

Pope s243ba Epoxy

TeMle ModuLus (MSW) 1200 0M2

Poisson's Rtio 0.22 0.34

ShMr Modulus (MSM) 5.00 0.23

In addition, effective stiffness !!r.perties of the composite are defined as an average
measure of the stiffness of the material taking into account the properties of all phases of
the heterogeneous media and their interactions. Based upon this definition, an averaging
procedure is employed whereby the reaction forces, at the appropriate boundaries of the unit
ccli, along with Equation 11 are used to predict effective properties of the composite. The
finite element analysis is used to determine the displacement fields and reaction forces for
the composite.
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Ile square packing array composite with linearly elastic components employed in the anal-

ysis can be considered transversely isotropic."° The stress-strain relations for the composite
and its components can be written. as:

ar, =c, ej (12a)

Si= # CT (12b)

where ci are the stress components, ei are the strain components, and Cij and Sjj are the stiff-
ness and compliance matrices, respectively. For transverse. isotropy where the 2-3 plane is the
plane of isotropy the normal components of Equation 12b can be written as:

tj = SILO 1 +S1 2 T2 +S1C2 3

E2 =S, ay, +S 22 O'2 +S 2363 (13a)

E3 = S12 a + + +S21T+S,2(3

where in terms of the elastic constants

Si S12 =--•2 S23 =1 v23" S.=

and directions 1, 2, and 3 refer to the Cartesian coordinate system shown in Figure 2.
When cylindrical coordinates are considered, Equation 13a can be written as:

E. = Sr7. +S2,a, +S1 2 O

= s, 2  + S 22 a, + S23 aG

to =S17 a. + S2g71. +s +. (13b)

where directions z, r, and 0 refer to the cylindrical coordinate system shown again in Figure 2.

10. LEKHKNMKISL S. G. 77wmy of Elankiy of m Aniv c Elask Body. Hokld.-Day, San Frwiw. CA. 1963.
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The finite element analysis method is employed to solve the above formulated boundary
value problem. Small displacements and linear elastic behavior are assumed throughout the so-
lution. Two models each using two-dimensional solid elements were developed and used to
carry out the analysis and obtain all required results. Details of these models and how they
are used to extract the necessary information are outlined below.

Axiymmot Modol

The axisymmetric model is used to determine the behavior of the composite when
loaded in the direction of the reinforcement. The assumption of axial symmetry has been
shown to be valid when considering a unidirectional composite under axial loading;1 1 and
the filament packing array assumed when considering such a problem has little effect on
the predicted property values. 8' 12 Therefore, even though the axisymmetric formulation
models a concentric cylindrical geometry of the matrix/fiber system as the repeating volume
element, the predicted property values associated with axial loading of the composite
should not be significantly affected by the axial symmetry assumption. Furthermore, the
computational and modeling advantages of axial symmetry are considerable. To determine
the displacement field and reaction forces for the composite under axial loading, a uniform
normal displacement is applied at the z = I boundary in the axial, z, direction, as shown
in Figure 3a. Note that at the radial boundary; i.e., at r = 1, the radial stress, Orr, van-
ishes while the hoop stress, a0, has a finite value. Substituting for the elastic constants
and observing the conditions at the boundaries of the unit cell, the constitutive Equations
of 13b reduce to

o V12-C ---- O's

e2 =, V= _ z - v3.a,, (14)

El E2

where v1 2 refers to the major Poisson's ratio of the composite when loaded in the axial direc-
tion and is defined as

11. BLOOM, J. M., and WILSON, H. B., JR. Axal• Li of a Uniddctnal Coenpom4s. J. o Compoite Materias v.1, 1*7, p. 268-277."- ADAMS, D. F., and ISA, S. W. The nfikience of Rjdam Fiamenu Packing oil d•eTramwmw Suifhes of thUnkw4ial Coska. 3. of

Composite Materials, v. 3, 1969, p. 368-381.



v12 = _L (15)

Plane Strain Model

The plane strain model is used to determine the response of the composite under trans-
verse normal loading. A uniform normal displacement is applied at the y = 1 boundary and
in the transverse, 2, direction, as shown in Figure 3b. Consequently, a nonuniform displace-
ment field is induced at the z = 1 free boundary of the unit cell, which c'jntradicts bound-
ary condition number 7 set in the Assumptions of Analysis Section. To ehiminate this
problem and ,c:ify boundary condition 7, which traditionally has been imposed when similar
problems are solved,5 -7 a multicell approach is employed. The multicell approach utilizes
multiple unit cells stacked in the z direction, while a uniform diplacement load is still main-
tained at the y = 1 boundary, as shown in Figure 4. A convergence study is performed to
determine the number uf cells needed for the z boundary of the first cell in the stack;
i.e., the cell boundary at z = 1, to displace uniformly and, thus, comply with boundary
condition 7. Typical results of this study are shown in Figures 5 and 6. It is apparent from
these plots that ".4 solution converges rapidly and it takes only four cells for the bounda7y
at z = 1 to displactz uniformly. Note that for the multicell configuration and from equilib-
rium consio, -,•, in the z direction, the average stress component 03 (z) = 0 since there is
no appti - ý, n *bat direction. Substituting for the elastic constants and observing the
conditioruý t .._. boundaries of the bottom unit cell in the multicell stack, the constitutive
Equations of 13a red-ce t.. the following:

1 -V =
El = -a, "I 2 -0

E l E l

A, (16)

923
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RESULTS OF TW A14ALY$.,

The numerical results obtained from the finite element analysis provide a direct
method foa calculating the effective longitudinal and transverse properties of the S2-
glass/epoxy composite system under consideration. The numerical procedures followed to
obtain the effective properties are reviewed in the Axisymmetrical Case and Plane Strain
Case Sections below. Numerical results obtained from this analysis are compared to re-
sults obtained from analytically developed micromechanical equations 4 and the experimental
results of Reference 9. All pertinent results obtained and comparisons are shown in
Table 2 and Figures 7 through 10.

Table 2. COMPOSITE MATERIAL PROPERTIES

%Fiber Eii E2
Method VoL (NI) MSI MSI V12 V2

MMA 0 0.62 0.620 0.340 0.348
FEA 0 0.62 0.615 0.340 0.337

MMA 10 1.76 0.88 0.328 0.344
FEA 10 1.76 0.77 0.325 0.426

MMA 25 3.46 1.18 0.310 0.340
FEA 25 3.46 1.04 0.304 0.412

MMA 50 6.31 1.88 0.210 0.330
FEA 50 6.33 1.92 0.272 0.306

MMA 60 7.45 2.34 0.268 0.325
FEA 60 7.44 2.55 0.261 0.255
EXP 60 7.50 1.75 0.280 -

MMA 65 8.02 2.63 0.262 0.322
FEA 65 8.01 3.03 0.255 0.230

MMA 100 12.0 12.0 0.22 0.200
FEA 100 12.0 11.9 0.22 0.218

NOTE: MMA = Mechanical of Materials Approach; FEA --, Finite Element Analysis;
EXP = Experimental Dalta

12
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Axdsymmert Case

Under the condition of axial loading the effective longitudinal modulus, • and Poisson's
ratio, V12, of the composite are obtained in the following manner:

A uniform displacement, d1 , is applied along the z = 1 boundary of the ax-

isymmetric model and the solution of the finite element problem yields the un-
known uniform displacement, d2 , along the r = 1 boundary. The average
strains in the 1 and 2 directions car then be obtained from

1 Z (17)

Z2 = j (18)

By employing Equation 11 the finite element solution also yields the average stress component
2z; the average hoop stre.-s Vo at the radial boundary is a result of the finite element solution as
welL Using Equations 14 and 15 and substituting for the average quantities obtained from the fi-
nite element solution, the effective elastic constants V12and F are given by

V12 = (19)

OF, ) (20)E l -=---

Plane Strain Case

Under the condition of transverse loading, the effective transverse modulus, E and
2Poisson's ratio, V23 are obtained in the following manner:

A uniform displac~ement, D2, is applied along the y = 1 boundary and the solu-
tion of the finite element problem yields the unknown uniform displacement,
D3, along tlhe z = 1 boundary. It should be noted that only the first unit cc!!
in the stack of the muhticell problem is used to obtain numerical results for
the plane strain case. The average strain in the 2 and 3 directions can then
be obtained from

15
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E2 (21)

D =
83

Z1 t22)

By employing Equation 11 the finite element solution yields the average stress component
V. Using Equation 16 and substituting for the average quantities obtained from the finite
eemcnt solution, the effective elastic constants , 2 and V23 are given by

gz V 2 
(23

a;+ 1:j.(~

V23 =[fZ (! -11 (24)

In this study, the finite element method was used to predict the effective elastic
properties of an S2-glass/epoxy transversely isotropic composite. Circular fibers in a squire
packing array and linear elastic behavior for the fiber and matrix phases was assumed in
the formulation of the boundary value problem. Axisymmetric and plane strain finite ele-
ment models of the problem under consideration were used simultaneously to ntain the
elastic constants of the composite. Numerical results obtained from the finite element solu-
tion were compared with results obtained using classical micromechanics equations,4 as well
as with experimentally obtained results at 60% fiber volume.9 It was found that values ob-
tained for the longitudinal modulus E , were in very good agreement with both theoretical
and experimental results, while values 1for the rest of the elastic constants did not compare
very well. Numerical values of the effective transverse modulus, FE , were found to be
greater than both analytical and experimental values, particularly at'higher fiber volumes.
This can be attributed primarily to the assumptions made in the analysis and the two-dimen-
sional formulation of the finite element problem. The plane strain assumption seems to re-
sult in a transversely stiffer composite system. It also produces erroneous results for the
effective in-plane Poisson's ratio, V23. Furthermore, in utilizing two-dimensional finite ele.
ment analysis two problems had to be solved to obtain all of the constants. However, th,
geometry employed in the two finite element problems is not the same. The axisymmetric
problem solves the composite cylinder assemblage problem, which has been traditionally

16



employed to obtain approximate closed form solutions for the composite elastic constants,
while the plane strain problem solves a single fiber syttem within a square boundary. This dif-
ference in geometric constraints at the boundaries might have affected the behavior of the
composite system, thus introducing errors in the calculation of the elastic constants. The
multicell plane strain problem successfully applied the correct condition at the cell bound-
ary at z = 1. Figures 11 through 14 show how the model behaves and how the z bound-
ary displaces as the number of unit cells increases from one to four.

-YY

Figure 11.
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In conclusion, it seems that the approach employed to model the mic~romechanical .re-
sponse of organic composite materials in this analysis is inadequate. A full three-di-
mensional finite element analysis study must be undertaken to relax some of the
constraints and jimitations impo.sed by the two-diimensionaZ formulation. It should also be
noted that assumptions made in the analysis, such as the fiber packing array and interface
properties, must be reviewed and assesed.
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